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ABSTRACT
Certain regions of Saturn’s rings exhibit periodic opacity variations with characteristic radial wave-
lengths of up to a few hundred meters that have been attributed to viscous overstabilities. The Visual
and Infrared Mapping Spectrometer (VIMS) onboard the Cassini spacecraft observed two stellar oc-
cultations of the star γ Crucis that had sufficient resolution to discern a sub-set of these periodic
patterns in a portion of the A ring between 124,000 and 125,000 km from Saturn center. These data
reveal that the wavelengths and intensities of the patterns vary systematically across this region, but
that these parameters are not strictly determined by the ring’s average optical depth. Furthermore,
our observations indicate that these opacity variations have an azimuthal coherence scale of around
3000 km.
1. INTRODUCTION
Saturn’s rings consist of many small particles in orbit
around the planet. In denser ring regions, the gravita-
tional and collisional interactions among the ring parti-
cles give rise to various fine-scale structures. In particu-
lar, certain parts of Saturn’s rings exhibit periodic opac-
ity variations with characteristic wavelengths between
100 and 500 meters. These patterns have opacity max-
ima that are nearly perfectly aligned with the azimuthal
direction, and so they act like diffraction gratings for
radio signals passing through the rings, producing dis-
tinctive sidebands in Cassini Radio Science Subsystem
occultations. Based on the distribution of these side-
bands, Thomson et al. (2007) identified periodic struc-
tures in several parts of the main rings, including the the
inner A ring (123,000-123,400 km and 123,600-124,600
km), the inner B ring (92,100-92,600 km and 99,000-
104,500 km) and the outer B ring (110,000-115,000 km).
Extremely high-resolution opacity data obtained by the
Cassini UVIS instrument during the occultation of the
star α Leonis confirmed the existence of optical-depth
variations with a characteristic wavelength of ∼160 me-
ters in the outer B ring around 114,150 km (Colwell et al.
2007). Both of these observations indicated that these
periodic variations are almost perfectly azimuthal.
These periodic structures have been interpreted as the
result of viscous overstabilities in the rings (Thomson
et al. 2007; Colwell et al. 2007, 2009). Such overstabilities
occur when the effective viscosity of the ring increases
sufficiently rapidly with increasing particle number den-
sity that oscillatory density variations can grow from
small initial perturbations (see Schmidt et al. 2009 for a
recent review of this phenomenon, with references to ear-
lier work). In hydrodynamical simulations without self-
gravity, the characteristic wavelength of these oscillations
initially tends to increase with time (Schmit and Tschar-
nuter 1995; Schmidt et al. 2001; Schmidt and Salo 2003),
but if the ring has a finite surface mass density, then non-
linear phenomena and the ring’s self-gravity limits the
range of wavelengths that can be excited, leading to the
formation of highly periodic structures with wavelengths
around 200 meters, similar to those observed in Saturn’s
rings (Schmit and Tscharnuter 1999, but see Latter and
Ogilvie 2009, 2010 for other possible mechanisms for lim-
iting the waves’ growth). While fully self-gravitating N-
body simulations have shown that overstabilities can ex-
ist in rings with finite mass densities and realistic inter-
particle gravitational forces (Salo et al. 2001), there is
currently not a complete analytic theory for the forma-
tion of overstabilities in rings with finite mass densities,
which may simultaneously sustain non-radial fine-scale
structure such as self-gravity wakes (Schmidt et al. 2009;
Latter and Ogilvie 2009; Rein and Latter 2013).
Two stellar occultations by the rings of the star γ
Crucis observed with the Visual and Infrared Mapping
Spectrometer (VIMS) instrument onboard Cassini pro-
vide new information about the periodic structures in
the inner A ring. The observations are described in Sec-
tion 2, while Section 3 discusses trends in the wavelength
and amplitude of the relevant patterns derived from a
wavelet-based analysis of the light-curves. Section 4 ex-
amines a subset of these data obtained when the star
moved nearly azimuthally behind the rings in order to
constrain the azimuthal coherence length of these pat-
terns, which turns out to be ∼ 104 times the radial wave-
length. Finally, Section 5 discusses some of the potential
implications of these findings.
2. OBSERVATIONS
The stellar occultations discussed here were observed
by the Visual and Infrared Mapping Spectrometer
(VIMS) onboard the Cassini spacecraft. The VIMS in-
strument is described in detail in Brown et al. (2004),
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2and is typically used to obtain spatially-resolved spec-
tra of a scene. However, it can also operate in an “oc-
cultation mode” where the short-wavelength VIS chan-
nel is turned off, while the longer-wavelength IR channel
stares at a single pixel targeted at a star and obtains a
series of rapidly-sampled near-infrared stellar spectra at
31 wavelengths between 0.85 and 5.0 microns. Typically,
we focus on the data from a spectral channel around 3
microns, where water ice is strongly absorbing and the
rings are very dark. However, for this investigation we
focus instead exclusively on data from one spectral chan-
nel covering the range 1.04-1.13 microns, because this
channel has the best signal-to-noise (although the same
patterns can be seen at other wavelengths). Even though
the rings are not as dark at these shorter wavelengths,
the occultations considered below involve a very bright
star (γ Crucis) passing behind the unlit side of the rings,
so the sunlight scattered by the rings is still negligible
compared to the flux from the star.
As the star moves behind the rings, its apparent bright-
ness varies due to variations in the ring’s opacity. The re-
sponse of the detector is highly linear, so after a constant
instrumental background is removed from each spectral
channel, the data numbers (DN) returned by the instru-
ment are proportional to the incident flux. Normalizing
the stellar signal to its value outside the rings, we can
translate the observed data numbers into estimates of
the transmission through the rings T . These numbers
can then be converted into the slant optical depth along
the line of sight through the rings τ = − ln(T ), or the
normal optical depth of the rings τn = τ sin |B| (B be-
ing the elevation angle of the star above the rings), as
needed.
The path of the star behind the rings is computed using
a precise time stamp appended to each spectrum. These
timing data, together with the appropriate reconstructed
SPICE kernels (downloaded from the NAIF website1),
enable us to compute the radius and longitude at which
the starlight pierced the ringplane for each sample in ei-
ther occultation. This calculation accounts for the light
travel time from the rings to Cassini, and uses stellar
positions taken from the Hipparcos catalog2, corrected
for proper motion and parallax at Saturn. Prior exam-
inations of positions of sharp edges of gaps and ringlets
in the Cassini Division and C ring in other occultations
(Nicholson et al. 2011; French et al. 2011) indicate that
the reconstructed geometry is accurate to within a few
hundred meters for radial cuts, most of which can be
attributed to small uncertainties in the spacecraft’s po-
sition along its orbital trajectory.
The occultations considered here involve γ Crucis, a
very bright star that is located well below the planet’s
ringplane (B = −62.3◦). Occultations by γ Crucis there-
fore yield very good signal-to-noise ratios even in the
more opaque regions where the periodic density varia-
tions are found. More specifically, we will focus here ex-
clusively on the occultations observed by Cassini on days
53 and 77 of 2009, which correspond to Cassini Revs3 104
and 106. Figure 1 illustrates the track of the star be-
hind the rings during these two occultations. Note these
1 http://naif.jpl.nasa.gov/naif/
2 http://heasarc.gsfc.nasa.gov/W3Browse/all/hipparcos.html
3 “Rev” is a designation for one of Cassini’s orbits around Saturn
are not simple radial cuts through the rings but instead
chords that reach a minimum radius, so each occultation
can be divided into an “ingress” and “egress” compo-
nent. The star reached a minimum radius of 124,413
km from Saturn center during the Rev 104 occultation
and 124,262 km during the Rev 106 occultation. These
“turnaround” radii fall within one of the regions where
sub-kilometer periodic structures were detected in radio
occultations (Thomson et al. 2007), and these particular
occultation trajectories provide exceptionally fine radial
sampling and resolution interior to 124,500 km.
Three factors can limit the resolution of a stellar occul-
tation: (1) the star’s finite size, (2) fresnel diffraction of
the stellar signal and (3) the finite time it takes for the
instrument to measure the star’s brightness. Measure-
ments performed with the VINCI instrument on the Very
Large Telescope indicate that γ Crucis’ angular diameter
is 24.42±0.06 mas (Kervella 2001). This corresponds to
a linear diameter of 130 meters when projected onto the
ringplane for the two γ Crucis occultations considered
here. By contrast, the fresnel diffraction scale for these
occultations (which depends on the light’s wavelength
and distance between Cassini and the rings) is less than
50 m. Since the diffraction scale is so much smaller than
the apparent stellar diameter, we can neglect diffraction
for the purposes of this analysis. Finally, VIMS obtained
a measure of the star’s brightness every 20 ms for the
Rev 104 occultation and every 60 ms for the Rev 106
occultation. Near the turnaround points, the occulta-
tion track is nearly azimuthal, and the azimuthal speed
of the stellar footprint relative to the orbiting ring par-
ticles is ∼ 12 km/s in the retrograde direction, so that
successive samples are separated by ∼ 250 m in the Rev
104 occultation and ∼ 750 m in the Rev 106 occultation.
Thus the sampling time does limit our resolution in the
azimuthal direction. However, the apparent radial veloc-
ity of the star is only 28 ∗ [(t − t0)/100 s] m/s, where
t0 is the turnaround time, and the radial distance from
the turnaround radius is ' 1.40 ∗ [(t − t0)/100 s]2 km.
Hence the radial sampling interval is less than a few me-
ters within 6 km of the turnaround radius (or 200 sec
from t0). Indeed, the radial sampling interior to 124,500
km is so fine that the radial resolution in these regions
is limited by the apparent size of the stellar disk, which
at 130 meters is small enough for opacity variations with
wavelengths of order 200 meters to be clearly detectable.
Figures 2-4 illustrate the opacity profiles derived from
these two occultations within a few hundred kilometers
of the turnaround points as greyscale images. Note that
these images have been filtered to remove both broad-
scale (> 1km) radial trends in the optical depth and
apparent fine-scale radial variations (< 50 m) due to
cosmic rays and stochastic azimuthal opacity variations,
and thus emphasize the periodic sub-kilometer patterns,
which appear as series of regular bright and dark bands.
These charts allow us to see the distribution of peri-
odic signatures over fairly broad regions, and clearly
show variations in the pattern’s wavelength interior to
124,450 km, as well as some surprisingly well defined re-
gions where the pattern seems to disappear (for example,
between 124,545 and 124,575 km).
3. AMPLITUDES AND WAVELENGTHS OF THE PERIODIC
PATTERNS
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Rev 106
Rev 104
Fig. 1.— Illustration of the Rev 104 and Rev 106 γ Crucis occultation tracks behind Saturn’s A ring. The background image shows the
ring system from above, while the colored lines illustrate the apparent path of the star behind the rings during each occultation (Rev 104
in red and Rev 106 in green). In both cases the star moves from left to right. At first it moves towards smaller radii (“ingress”), but then
turns around in the inner A ring and moves towards larger radii at the end of the occultation (“egress”).
Fig. 2.— Illustration of the occultation data from the Rev 104
and Rev 106 γ Crucis occultations. These two occultations yield
a total of four cuts through the rings. Each profile is shown here
as a greyscale image, with lighter shades corresponding to higher
transmissions through the rings. These profiles have been filtered
to remove signals on spatial scales smaller than 50 m and larger
than 1 km, in order to highlight the periodic sub-kilometer patterns
in these regions.
In order to better understand these periodic patterns,
we need to quantify how their amplitudes and wave-
lengths vary with position across the rings. These pa-
rameters are most efficiently extracted from the opacity
profiles using a wavelet transform, which is essentially
a localized Fourier transform that yields a measure of
Fig. 3.— Illustration of the occultation data from the Rev 104
and Rev 106 γ Crucis occultations. Each profile is shown here
as a greyscale image, with lighter shades corresponding to higher
transmissions through the rings. These profiles have been filtered
to remove signals on spatial scales smaller than 50 m and larger
than 1 km, in order to highlight the periodic sub-kilometer pat-
terns in these regions. Note the abrupt disappearance of periodic
brightness variations between 124,540 and 124,575 km
a periodic signal’s strength and phase as a function of
both spatial wavenumber and radial position (Torrence
and Compo 1998). These tools have been used multiple
times to investigate resonantly-driven waves in Saturn’s
rings (Tiscareno et al. 2007; Colwell et al. 2009; Baillie´
et al. 2011; Hedman and Nicholson 2013).
4Fig. 4.— Illustration of the occultation data from the Rev 104
and Rev 106 γ Crucis occultations. Each profile is shown here
as a greyscale image, with lighter shades corresponding to higher
transmissions through the rings. These profiles have been filtered
to remove signals on spatial scales smaller than 50 m and larger
than 1 km, in order to highlight the periodic sub-kilometer patterns
in these regions. Note the lack of clear periodic signals between
124,700 and 124,750 km.
Before we compute the wavelet transform for any of
the γ Crucis profiles, we must first interpolate each pro-
file onto a regular array of radius values. For this anal-
ysis the profiles were interpolated and re-binned onto a
regular array of radii with a sampling length of 20 me-
ters prior to computing the wavelet. This length was
chosen to be well below the wavelength of the relevant
patterns, but still large enough that the wavelet calcu-
lation could be performed in a reasonably short time.
Figure 5 illustrates the resulting wavelet transform of
the occultation profiles computed using the pre-packaged
IDL routine wavelet (see Torrence and Compo 1998, the
default Morlet mother wavelet with ω0 = 6 was used).
These plots display the intensity of periodic signals as
functions of both radius and wavelength, and the peri-
odic sub-kilometer signal appears as a dark band running
across the top of both panels at wavenumbers around 30
km−1. Shifts in the wavelength of the pattern are seen
as shifts in the vertical position of this band. This chart
also shows significant signals at longer wavelengths asso-
ciated with three relatively weak density waves launched
from the Atlas 7:6, Pan 10:9 and Prometheus 13:11 inner
Lindblad resonances.
While standard wavelet routines such as this are suf-
ficient to visualize the relevant periodic signals, more
refined procedures are needed to extract useful quanti-
tative estimates of the pattern’s wavelength λ and frac-
tional amplitude A. First of all, we computed the wavelet
for the optical depth profiles rather than the raw trans-
mission data in order to ensure that the measured frac-
tional amplitudes will have sensible observational signif-
icance. Second, we forced the relevant routines to com-
pute the wavelet transform for a regular grid of wave-
lengths between 50 and 500 meters, sampled at an inter-
val of one meter. This oversampling in the wavelength
dimension facilitates the following calculations of the sig-
nal amplitude and wavelength, and the limited range of
wavelengths considered automatically filters out longer-
wavelength structures in the ring. To avoid confusion
with the pattern’s actual wavelength λ, the wavelength
values used in the wavelet transform will be designated
λw.
The wavelet transform of a given profile is a two-
dimensional array of complex numbers as a function
of radius and radial wavelength W(r, λw). Let us de-
note the real and imaginary parts of the wavelet as WR
and WI , respectively. We can then define the wavelet
power as P(r, λw) = W2R +W2I and the wavelet phase
as ϕ(r, λw) = tan
−1(WI/WR). Since we only compute
the wavelet for a range of wavelengths between 50 and
500 meters, W only includes signals from the periodic
sub-kilometer structures, and longer-wavelength signals
from the density waves are automatically filtered out.
At each radius r, the wavelet power exhibits a clear
peak at a particular wavenumber. Provided the wavelet
is properly normalized4, the magnitude of this peak can
be directly transformed into an estimate of the pattern’s
(fractional) amplitude at this location:
A(r) =
1
τ¯(r)
√
max(P(r, λw)), (1)
where τ¯(r) is a smoothed version of the ring’s optical
depth profile (of course, the profile used in the wavelet
is not smoothed). For this study, the smoothing was
performed by applying a low-pass boxcar-averaging filter
with an averaging length of 1 km in order to remove
all the sub-kilometer variations from the normalization
factor.
Ideally, the location of the peak wavelet power would
provide an estimate of the pattern’s wavelength. How-
ever, after some experimentation with wavelet transforms
of simple sine curves, we found that more robust wave-
length estimates can be derived from the wavelet phase5.
At each radius, we derive an effective phase by first com-
puting an effective average real part and imaginary part
of the wavelet:
WR,I(r) =
∑WR,I(r, λw)P(r, λw)∑P(r, λw) (2)
where the sums are again over all values of λw. Note that
4 We verified that for the wavelet transform used in this analysis,
a sine wave of a given amplitude always produced a peak wavelet
power equal to the amplitude squared.
5 This result is consistent with previous work by Tiscareno et al.
(2007) and Hedman and Nicholson (2013), both of which found the
wavelet phase was the most useful way to quantify wavelengths in
density wave profiles.
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Fig. 5.— Wavelet transform of the Rev 104 (above) and Rev 106 (below) occultation data. In both panels, shading indicates the signal
strength as a function of ring radius and radial wavelength. Three weak density waves in this region produce signal on wavelengths longer
than a kilometer, traced with the dashed lines. The periodic sub-kilometer patterns of interest here generate the bands near the top of
each panel. Note that the radial resolution of these data has been reduced for display purposes.
these averages are weighted by the wavelet power, so that
the wavenumbers with the strongest signals dominate the
averages. From these average wavelet components, we
can compute the average phase at each radius:
φ(r) = tan−1(WI ,WR) (3)
By computing the average of components WI and WR
instead of averaging the local phases ϕ(r, λ), we avoid
any difficulties involved in averaging a cyclic quantity.
Note that this phase generally increases with increasing
radius, and φ ' 0 near any opacity maximum and φ ' pi
radians near any opacity minimum. Thus φ goes from
0 to 2pi for each cycle of a periodic pattern, and we can
estimate the pattern’s dominant wavelength λ at each
radius from the radial derivative of the phase profile:
λ = 2pi
[
dφ
dr
]−1
. (4)
Figure 6 plots profiles of the estimated pattern am-
plitudes and wavelengths as functions of radius, along
with the average optical depth profiles for comparison.
We may first note that there are clear variations in the
wavelength and apparent amplitude interior to 124,500
km. Exterior to this, the pattern is either absent or has a
wavelength of around 200 m, and the transitions between
these two regimes appear rather abrupt, consistent with
Figure 5. Finally, the pattern disappears completely ex-
terior to 124,800 km. These results are reasonably con-
sistent with the Thomson et al. (2007) measurements of
the periodic structures in these regions, which indicated
that the average wavelength in this region is around 200
meters, with higher values closer to 124,300 km and lower
values further from Saturn. However these observations
indicate that the overstable patterns extend further out
than Thomson et al. (2007) suggested, and the reasons
for this are still unclear (see Section 5 below).
However, we must take care when interpreting the ap-
parent amplitude variations, because the observed am-
plitudes of these patterns are influenced by the finite
size of γ Crucis, whose angular extent corresponds to a
projected diameter of about 130 meters at the ringplane
(see Section 2). This is not much less than the wave-
lengths of these patterns. The star’s finite size therefore
acts as a low-pass filter on the occultation data, caus-
ing the pattern’s amplitude to be underestimated by a
wavelength-dependent factor. Indeed, there appears to
be a strong positive correlation between the pattern’s
wavelength and its observed amplitude in Figure 6.
If we neglect limb darkening and assume the observed
line-of-sight is exactly perpendicular to the ring-plane,
then the radial structure in the ring will be convolved
with a function of the form:
S(r − ro) =
{
cos
(
r−ro
piD∗
)
|r − ro| < D∗/2
0 |r − ro| > D∗/2
(5)
whereD∗ is the star’s projected diameter. Figure 7 shows
the filter function associated with this convolution. As
6Fig. 6.— Profiles of the sub-kilometer pattern’s amplitude A and wavelength λ as a function of radius in the four occultation cuts. Each
panel shows four profiles in different colors corresponding to the four different cuts through the ring. The top panel shows the average
normal optical depth (smoothed to remove small-scale variations). The second panel shows the estimated wavelength of the sub-kilometer
patterns. The third panel shows the observed fractional amplitude of the pattern, while the bottom panel shows the same amplitude with
a correction applied to account for the star’s finite angular extent (see text).
Fig. 7.— The filter function for a star with an apparent diameter
of 130 meters observed at normal incidence. The plot shows how
much the amplitude of a sine-wave opacity variation is reduced
when it is convolved with a uniform disk 130 meters across. As
expected, this convolution reduces the amplitude of the measured
signal significantly when the wavelength is about twice the stellar
diameter.
expected, the amplitude reduction becomes more and
more pronounced as the wavelength decreases, with the
signal being almost entirely suppressed when the wave-
length is less than D∗.
We can use this function to correct the observed am-
plitudes and estimate the true amplitude of the opacity
variations in this region. These corrected amplitudes are
shown in the bottom panel of Figure 6. We must caution
that these calculations do not account for the star’s limb
darkening, if any, and do not include projection effects
that arise from the starlight passing through the ring at
an incidence angle of 27.7◦. Even so, it is interesting
to note that after this first-order correction, the opacity
variations are bimodal, being either near the noise floor
of the observations (A < 0.2) or having fractional ampli-
tudes of around 0.7, which implies that the density varia-
tions are either absent or close to saturation throughout
this region. There may be a slight reduction in the frac-
tional amplitudes interior to 124,300 km, which could
be associated with the rapid increase in normal optical
depth in this region, but even here the fractional opac-
ity variations exceed 0.5. This is consistent with these
patterns being generated by an overstability, which will
cause density/opacity variations to grow until they satu-
rate due to non-linear processes (Schmit and Tscharnuter
1999; Salo et al. 2001; Schmidt and Salo 2003; Schmidt
et al. 2009; Rein and Latter 2013).
By comparison, the estimated wavelength of these
signals are much less sensitive to the stellar diameter
than their amplitudes are. Convolutions are products
in Fourier space, and the typical widths of the peaks in
the wavelet power P are only around 10-15% the peak
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wavelength, and so the filter function cannot shift the
estimated peak location as easily as it can influence the
peak amplitude. Indeed, some basic numerical experi-
ments show that the filter function will only produce a
small (<10%) bias in the estimated wavelengths to longer
values. Hence the wavelength trends shown in Figure 6
are most likely real. As mentioned in the introduction,
there is not yet a full analytical theory that would pre-
dict how the wavelength should vary depending on the
rings’ mass density, viscosity, etc. Thus the trends identi-
fied here could potentially provide some guidance in this
regard. Between 124,350 and 124,550 km, the pattern
wavelength seems to be correlated with the mean opti-
cal depth, with both reaching a broad maximum around
123,400 km. However, we should point out that this is
also the region occupied by the Atlas 7:6 density wave, so
both the ring’s optical depth and its pattern wavelength
might be reacting to that perturbation. Furthermore,
interior to 124,350 km, the correlations between optical
depth and pattern wavelength are rather weak. While
the high optical-depth region interior to 124,300 km does
exhibit a somewhat higher wavelength than other re-
gions, comparably long wavelengths are found at 124,320
km, which is at substantially lower optical depth. Also,
in between these two regions, around 124,300 km, there
is a pronounced minimum in the wavelength, where the
optical depth shows a sharp gradient between two lev-
els. This suggests that the wavelength of these patterns
depends not only on the local optical depth, but also on
other parameters, such as the opacity or density gradient.
We may also note that no periodic patterns are de-
tectable exterior to 124,820 km, where the normal op-
tical depth falls below 0.8. This suggests that a normal
optical depth of around 0.8 is the minimum necessary for
these patterns to exist. However, there are some regions
with optical depths between 0.8 and 1.0 where a periodic
pattern is clear and other regions with the same range
of optical depths where no periodic patterns can be de-
tected. Thus the existence of such patterns, like their
wavelengths, does not appear to be solely a function of
opacity.
4. AZIMUTHAL COHERENCE OF THE PATTERNS
Additional insights into the nature of these patterns
can be obtained by examining the occultation data near
the turnaround points, where the star was moving al-
most purely in the azimuthal direction. Figures 8 and 9
illustrate both the geometry and the light curves from
these innermost portions of the occultations. The up-
per panels on these plots show the observed radius as a
function of both time and co-rotating azimuth r(θ−nt),
where θ and t are the observed inertial longitude and
time measured relative to their values at the turnaround
point, and n is the calculated orbital mean motion at the
observed radius r. Note that the observed co-rotating az-
imuth decreases with time because the ring material was
overtaking the star as it moved slowly across the ring.
For both occultations, the star spent less than 10 min-
utes within 8 km of the minimum track radius. This is
much less than the 12.5-hour local orbital period at these
locations, which is also the expected oscillation period of
any overstable pattern (Salo et al. 2001; Rein and Latter
2013). Thus we may reasonably assume that the pattern
did not evolve significantly over the course of these obser-
Fig. 8.— Plot showing the data around the turnaround point for
the Rev 104 γ Crucis occultation. The top panel shows the co-
rotating azimuth and time elapsed as a function of radial distance
from the turnaround point (at 124,413.26 km), with the ingress and
egress legs colored black and green respectively. The bottom panel
shows the data number (DN) profile (smoothed over 20 samples for
clarity) on the same radial scale. Note that interior to 2 km, the
ingress and egress profiles are almost perfectly aligned, but further
from the turnaround the two patterns go in and out of step.
Fig. 9.— Plot showing the data around the turnaround point for
the Rev 106 γ Crucis occultation. The top panel shows the co-
rotating azimuth and time elapsed as a function of radial distance
from the turnaround point (at 124,262.75 km), with the ingress and
egress legs colored black and green respectively. The bottom panel
shows the data number (DN) profile (smoothed over 20 samples
for clarity) on the same radial scale. The correlation between the
ingress and egress profiles near the turnaround is not nearly as
strong as in the Rev 104 data, but peaks and troughs generally
align within 2 km of the turnaround radius, with a noticeably lower
correlation further out.
vations. However, during this time, the relative motion of
the ring and star causes the track to cover over 4000 km
in co-rotating azimuth, which provides an unprecedented
opportunity to explore the azimuthal coherence scale of
these patterns. All numerical simulations of overstabili-
ties conducted thus far have had comparable radial and
azimuthal dimensions, and in all these simulations the
pattern appears to be purely azimuthal. However, the
simulations apply periodic boundary conditions in the
8Fig. 10.— Plots showing the wavelet phase difference between
the ingress and egress cuts for each occultation as a function of co-
rotating azimuth separation between the two cuts. Note that for
both the Rev 104 and Rev 106 data the phase differences are rather
low, and the correlation coefficient cos δφ is above 0.5 out to around
2500 km. However, by around 3000 km, the phase differences begin
to wander over all possible values. This suggests that the typical
azimuthal coherence lengths of these overstable patterns is of order
3000 km.
azimuthal direction which will certainly favor azimuthal
symmetry. In reality, the radial wavelengths of these
patterns are less than a kilometer, so we would not ex-
pect them necessarily to remain coherent for thousands
of kilometers, much less all the way around the ring, but
just how far a given pattern might extend is still unclear.
These data allow us to finally quantify how azimuthally
symmetric these patterns really are.
Looking at the Rev 104 data first, we find the ingress
and egress cuts match up remarkably well within 2 km of
the turnaround point, which indicates that the pattern
is coherent and axisymmetric over scales of up to 2500
km. However, further from the turnaround point, the
two patterns begin to shift relative to each other, and are
sometimes exactly in phase and sometimes 180◦ out of
phase. This suggests that the azimuthal coherence scale
of the pattern is not much greater than a few thousand
kilometers in this portion of the A ring.
Turning to the Rev 106 data, we find that the correla-
tion between the ingress and egress profiles is not nearly
so good, despite the fact that the pattern’s wavelength
is noticeably longer in this region. This suggests that
the azimuthal coherence in this region (124,262 km) is
somewhat less than in that probed by the Rev 104 occul-
tation. However, within 2 km of the turnaround, we still
find that peaks and troughs are aligned, indicating that
there is some correlation between the structure in these
two cuts. However, further out, we again see that even
this poor correlation falls apart, with all possible phase
shifts being found between the ingress and egress cuts.
Intriguingly, this breakdown in the correlation again ap-
pears to occur just beyond 2 km from the turnaround,
which suggests that the azimuthal correlation length in
this region is also of order a few thousand kilometers.
A more quantitative way to compare the two profiles
is to examine the difference in the wavelet phase param-
eter φ between ingress and egress. If the two profiles are
well aligned, then this difference δφ should remain close
to zero, but if the two patterns are completely uncorre-
lated, δφ will cycle around all possible values. Indeed,
the correlation coefficient between the two profiles at a
given location should simply be cos δφ. Figure 10 plots
both δφ and cos δφ as a function of the co-moving az-
imuth separation between the two cuts. Consistent with
the profiles in Figure 8, the δφ values for the Rev 104
data remain close to zero out to about 2500 km, or 2.5
km from the minimum radius, then things slip a little,
come back into in phase at 3000 km, and finally one pro-
file appears to skip one cycle at an azimuthal separation
of ∼4500 km (i.e. 4-6 km from the turnaround radius).
The Rev 106 data show a similar pattern, although the
phase differences close to the turnaround point are some-
what larger on average than they are in the Rev 104 data.
These plots suggest that in both regions the azimuthal
coherence length of the patterns is of order 3000 km, or
0.025 radians/1.5◦ in azimuth.
There are a number of different ways that the pat-
terns could become de-correlated between the ingress and
egress cuts. One possibility is that there are “domains”
of purely azimuthal patterns separated by well-defined
boundaries. While we have no clear idea what such a
domain boundary would look like, we do not find any
evidence in either profile for the pattern disappearing or
the phase difference changing very abruptly, and so we
do not have direct evidence to support this particular
scenario. Another option is that the patterns become
de-correlated more gradually because the density max-
ima are not perfectly aligned with the azimuthal direc-
tion, but instead drift back and forth in radius. In this
scenario, the observed coherence length indicates that
the local cant angle of the density crests is of order 10−4
radians (i.e. 300m/3000 km).
5. DISCUSSION
Currently, the best explanation available for these pe-
riodic, almost purely azimuthal sub-kilometer patterns is
that they represent viscous overstabilities. However, ad-
ditional theoretical and observational work is needed to
validate or refute this interpretation. While established
linear theories can provide information about the con-
ditions required to initiate overstability, the non-linear
processes responsible for determining the final amplitude
and wavelength of the patterns are still not perfectly un-
derstood, especially for situations where the mutual self-
gravity of the particles cannot be ignored (Schmit and
Tscharnuter 1999; Salo et al. 2001; Schmidt et al. 2009;
Latter and Ogilvie 2009; Rein and Latter 2013). Since
we cannot compare our observations with detailed the-
oretical predictions for the behavior and distribution of
overstabilities, we will instead discuss briefly two ways
these measurements could help inform future theoretical
work on overstable phenomena. On the one hand, this
new information about the radial distribution of periodic
patterns could help guide numerical simulations geared
towards determining the parameters that influence the
expression of overstabilities. On the other hand, our con-
straints on the patterns’ azimuthal coherence lengths will
likely require the development of novel theoretical anal-
yses before they can be properly interpreted.
Most numerical simulations of dense rings consider a
small patch of ring material because of limitations on
available computer time. Provided the area of the patch
is larger than the wavelength of the relevant overstable
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Fig. 11.— Sample simulations of small ring patches (700 m×280 m) around 124,000 km with dynamical optical depths of 0.6, 0.8 and 1.0
(corresponding to average photometric optical depths of .68, .88 and 1.07). Each simulation consists of identical particles with coefficient
of restitution  = 0.1, particle internal density of 225 kg/m3 and an average surface density of 500 kg/m3. The left panels show snapshots
of the simulations after 200 orbit periods viewed from above (x=radial direction, y=azimuthal direction) when the system has reached a
steady state. The middle panels show the same simulation in a side (or edge-on) view, while the right plot shows the average photometric
optical depth versus radius. While no overstable pattern is visible in the τ = 0.6 case, clear overstable density variations are visible in both
higher opacity cases.
patterns, such simulations are sufficient to ascertain the
conditions under which overstabilities are likely to de-
velop. For example, Figure 11 shows the results of three
numerical simulations of a ring with three different op-
tical depths, computed using the algorithms described
in Salo (1995) and Salo et al. (2001), which include
the mutual gravitational interactions among the relevant
ring particles. These patches all have the same surface
mass densities but different “dynamical optical depths”
τdyn (a standardized measure of the total cross sectional
area of all particles in the simulation) of 0.6, 0.8 and
1.0, which correspond to average observable normal op-
tical depths of 0.68, 0.88 and 1.07, respectively. All three
simulations exhibit an array of tilted features known as
self-gravity wakes, which arise from the competition be-
tween the particles’ mutual gravitational attraction and
Keplerian shear. Since the surface density is the same
in all three simulations, the radial separation of wake
structures (set by Toomre’s critical wavelength) is the
same. However, in two of the simulations there are also
periodic axisymmetric patterns that corresponds to a vis-
cous overstability. These simulations show that there is a
relatively sharp transition between optical-depth regimes
where the overstability does not occur (e.g. the τdyn=0.6
case) to those where the opacity variations associated
with the overstability are substantial (e.g. the τdyn=0.8
case). This seems to be consistent with our observations
that show rather sharp transitions between regions where
the overstability is clear and where it is undetectable (see
also Rein & Latter 2013).
For these particular simulations, overstabilities develop
when the observed optical depth is around 0.8, which is
close to the minimum optical depth where periodic pat-
terns can be detected in the VIMS observations. How-
ever, these models assume that the ring particles are all
the same size and have a rather low particle internal den-
sity of 225 g/cm3, so more work needs to be done to as-
certain whether the same threshold can be achieved with
higher particle densities and different particle sizes, sur-
face densities, etc. Also, the VIMS observations show
that the pattern’s distribution across the rings is not
strictly a function of the ring’s optical depth. For exam-
ple, no periodic pattern is visible around 124,570 km and
124,720 km, even though the latter region has an optical
depth that exceeds 0.8 and appears to be high enough
to support patterns elsewhere in this part of the rings.
Even if we limit our attention to regions where we can
clearly detect a periodic structure, the pattern’s wave-
length is not always correlated with optical depth. For
instance, we observe a minimum in the pattern’s wave-
length around 124,300 km, where the optical depth un-
dergoes a sharp transition from 1.2 to 0.8. It remains
unclear whether these trends can be explained by shifts
in the local particle size distribution or other particle
properties, or if they require consideration of other as-
pects of the dynamical environment. Probably the best
way to address these issues is by numerically simulating
a wide array of conditions in order to thoroughly explore
the relevant parameter space.
While currently available numerical tools should be
able to clarify the radial distribution of the periodic pat-
terns, understanding the azimuthal properties of these
structures will likely require different theoretical ap-
proaches. Simulating ring regions hundreds or thou-
sands of kilometers across is beyond the abilities of cur-
rent techniques, so it may be some time before theorists
can simulate a region large enough for the overstable re-
gions to exhibit real non-axisymmetric features. While
smaller simulations could potentially reveal how local-
ized structures like embedded moonlets could disrupt
10
the overstable patterns, semi-analytical models of how
non-circular density ridges evolve over time (analogous
to those used to describe density waves and other reso-
nant structures) may also yield useful insights.
In lieu of such theoretical advances, we can use the
observational data to try and better understand how
the patterns’ coherence scale depends upon its dynam-
ical environment. Both γ Crucis occultations indicate
that the azimuthal coherence length of the periodic pat-
terns in the inner A ring is substantial, of order 3000
km. However, such long coherence scales may not be
a universal feature of these periodic patterns. For ex-
ample, UVIS detected periodic structures with a typi-
cal wavelength of 160 meters in an occultation with a
turnaround radius around 114,150 km in the outer B ring
(Colwell et al. 2007). Unlike the VIMS occultations, the
ingress and egress profiles derived from these UVIS ob-
servations are not obviously correlated with each other
close to the turnaround point. This suggests the pat-
terns observed by UVIS have a much shorter azimuthal
coherence length, perhaps less than 100 km. This re-
duced coherence length might reflect the particular en-
vironment probed by the UVIS occultation. The outer
B ring exhibits strong stochastic optical depth variations
on a broad range of scales which make the opacity profiles
obtained during different occultations very poorly corre-
lated, and the weak correlation between the ingress and
egress profiles in the UVIS data could be just another
expression of this general behavior. However, it is also
possible that the weak correlations in the UVIS data are
due to the much higher optical depth in the outer B ring
(τn ∼ 3) compared to the inner A ring (τn ∼ 1). One po-
tential bit of supporting evidence for this second option
is that the periodic patterns seen near the turnaround
in the Rev 106 VIMS occultation, where τn ∼ 1.2, are
less well correlated than the patterns seen in the Rev 104
data, where τn ∼ 0.9. Thus it might be that increasing
the opacity of the rings tends to reduce the azimuthal
coherence length of the overstable patterns. Probably
the best way to confirm or refute this idea would be with
additional data from other occultations that turn around
at different locations within regions possessing periodic
patterns.
Another potentially useful tool for understanding the
coherence lengths of these patterns are the sidebands
Thomson et al. (2007) described in the radio occultation
data. Since these sidebands occur where a periodic opac-
ity variation acts like a diffraction grating for the radio
signal, the intensity of these sidebands depends both on
the magnitude of the density variations and their coher-
ence lengths. It is interesting to note that the radio sci-
ence experiment only detected sidebands out to around
124,400 km, while VIMS detected periodic signals out
to 124,800 km. This difference could be due to time-
variability in the extent of the periodic patterns between
2005 and 2009, but may also indicate that the patterns
beyond 124,400 km are not coherent enough over a large
enough region to produce proper sidebands in the radio
occultation. If the latter is the case, the radio occulta-
tions could provide useful information about the coher-
ence scales of these periodic patterns and how they vary
across the rings.
ACKNOWLEDGEMENTS
We wish to thank the VIMS team, the Cassini Project
and NASA for generating the data used in this analysis.
This work was supported by the Cassini Data Analysis
Program Grant NNX11AN92G.
REFERENCES
Baillie´, K., J. E. Colwell, J. J. Lissauer, L. W. Esposito, and
M. Sremcˇevic´ 2011. Waves in Cassini UVIS stellar
occultations. 2. The C ring. Icarus 216, 292–308.
Brown, R. H., K. H. Baines, G. Bellucci, J. Bibring, B. J. Buratti,
F. Capaccioni, P. Cerroni, R. N. Clark, A. Coradini, D. P.
Cruikshank, P. Drossart, V. Formisano, R. Jaumann,
Y. Langevin, D. L. Matson, T. B. McCord, V. Mennella,
E. Miller, R. M. Nelson, P. D. Nicholson, B. Sicardy, and
C. Sotin 2004. The Cassini Visual And Infrared Mapping
Spectrometer (Vims) Investigation. Space Science
Reviews 115, 111–168.
Colwell, J. E., J. H. Cooney, L. W. Esposito, and M. Sremcˇevic´
2009. Density waves in Cassini UVIS stellar occultations. 1.
The Cassini Division. Icarus 200, 574–580.
Colwell, J. E., L. W. Esposito, M. Sremcˇevic´, G. R. Stewart, and
W. E. McClintock 2007. Self-gravity wakes and radial
structure of Saturn’s B ring. Icarus 190, 127–144.
Colwell, J. E., P. D. Nicholson, M. S. Tiscareno, C. D. Murray,
R. G. French, and E. A. Marouf 2009. The Structure of
Saturn’s Rings. In Dougherty, M. K., Esposito, L. W., &
Krimigis, S. M. (Ed.), Saturn from Cassini-Huygens, pp.
375–412.
French, R. G., P. D. Nicholson, J. Colwell, E. A. Marouf, N. J.
Rappaport, M. Hedman, K. Lonergan, C. McGhee-French, and
T. Sepersky 2011. Noncircular features in Saturn’s RIngs: I.
The Cassini Division. In EPSC-DPS Joint Meeting 2011, pp.
624.
Hedman, M. M., and P. D. Nicholson 2013. Kronoseismology:
Using Density Waves in Saturn’s C Ring to Probe the Planet’s
Interior. AJ 146, 12.
Kervella, P. 2001. Interfe´rome´trie Optique avec le VLT
Application aux Etoiles Ce´phe´ides. Ph. D. thesis, University of
Paris VII.
Latter, H. N., and G. I. Ogilvie 2009. The viscous overstability,
nonlinear wavetrains, and finescale structure in dense planetary
rings. Icarus 202, 565–583.
Latter, H. N., and G. I. Ogilvie 2010. Hydrodynamical
simulations of viscous overstability in Saturn’s rings.
Icarus 210, 318–329.
Nicholson, P. D., R. G. French, M. M. Hedman, E. A. Marouf,
J. E. Colwell, N. Rappaport, T. L. Sepersky, and K. R.
Lonergan 2011. Noncircular Features in Saturn’s Rings: II.
The C Ring. In EPSC-DPS Joint Meeting 2011, pp. 632.
Rein, H., and H. N. Latter 2013. Large-scale N-body simulations
of the viscous overstability in Saturn’s rings. MNRAS 431,
145–158.
Salo, H. 1995. Simulations of dense planetary rings. III.
Self-gravitating identical particles. Icarus 117, 287–312.
Salo, H., J. Schmidt, and F. Spahn 2001. Viscous Overstability
in Saturn’s B Ring. I. Direct Simulations and Measurement of
Transport Coefficients. Icarus 153, 295–315.
Schmidt, J., K. Ohtsuki, N. Rappaport, H. Salo, and F. Spahn
2009. Dynamics of Saturn’s Dense Rings. In Dougherty,
M. K., Esposito, L. W., & Krimigis, S. M. (Ed.), Saturn from
Cassini-Huygens, pp. 413–458.
Schmidt, J., and H. Salo 2003. Weakly Nonlinear Model for
Oscillatory Instability in Saturn’s Dense Rings. Physical
Review Letters 90 (6), 061102.
Schmidt, J., H. Salo, F. Spahn, and O. Petzschmann 2001.
Viscous Overstability in Saturn’s B-Ring. II. Hydrodynamic
Theory and Comparison to Simulations. Icarus 153, 316–331.
Overstabilities in Saturn’s A ring. 11
Schmit, U., and W. M. Tscharnuter 1995. A fluid dynamical
treatment of the common action of self-gravitation, collisions,
and rotation in Saturn’s B-ring. Icarus 115, 304–319.
Schmit, U., and W. M. Tscharnuter 1999. On the Formation of
the Fine-Scale Structure in Saturn’s B Ring. Icarus 138,
173–187.
Thomson, F. S., E. A. Marouf, G. L. Tyler, R. G. French, and
N. J. Rappoport 2007. Periodic microstructure in Saturn’s
rings A and B. Geophys. Res. Lett. 34, 24203.
Tiscareno, M. S., J. A. Burns, P. D. Nicholson, M. M. Hedman,
and C. C. Porco 2007. Cassini imaging of Saturn’s rings. II. A
wavelet technique for analysis of density waves and other radial
structure in the rings. Icarus 189, 14–34.
Torrence, C., and G. P. Compo 1998. A Practical Guide to
Wavelet Analysis. Bulletin of the American Meteorological
Society 79, 61–78.
